ABSTRACT A low-power, low-frequency, ad hoc networking paradigm is considered for robust communications among mobile agents in complex non-line-of-sight (NLOS) indoor and urban-type scenarios. Compared with higher frequency, the lower portion of the very high frequency (VHF) band offers improved penetration and reduced multipath in such scenarios. Low VHF is underutilized for mobile ad hoc networking due to the lack of compact low-power systems and efficient miniature antennas. We investigate the proposed approach through experiments in realistic scenarios. In order to carry out the experiments, we leverage a compact, low-power ZigBee radio operating seamlessly in the low-VHF band by introducing a bi-directional frequency converter, which translates ZigBee signals into low-VHF carriers, along with a recently developed highly miniaturized efficient antenna. The experimental low-VHF radio system and a conventional ZigBee operating at 2.4 GHz are both integrated on a compact ground robotic platform for autonomous experimentation and comparison in NLOS indoor and outdoor settings. Measurements quantify the significant advantages of the low-VHF radio system in terms of packet error rate, fading, radio signal strength, and extended spatial coverage, in a number of complex communication environments.
I. INTRODUCTION
Robust low power mobile ad-hoc networking in highly complex environments with minimal infrastructure is critical for both civilian and military applications such as networking among autonomous mobile agents and/or humans for situational awareness, vehicle-to-vehicle communications, and natural disaster rescue missions. Operating in dense urban areas is particularly challenging. Other applications include collaborative localization and mapping via an ensemble of compact robotic platforms and tracking of dismounted soldiers or rescue teams in GPS-challenged environments. Recently, agile ad-hoc multi-wavelength communications and networking have received considerable attention for the aforementioned applications [1] - [3] . Establishing such networks with minimal infrastructure is very challenging in the presence of shadowing and fading caused by scattering from obstacles that create dense multipath. Various enhanced networking technologies have been developed such as cooperative multi-hop routing, multi-input multi-output (MIMO) techniques, and other diversity schemes [4] - [6] . Besides complexity and cost, such systems often require high power that is undesirable for ad hoc networks whose mobile agents often have severe power and energy limitations.
Low frequency wireless communications can be exploited to tackle these challenges because the channel is significantly less affected by multipath and attenuation, yielding less distortion and enhanced coverage. Recently, we investigated short-range low-power propagation characteristics in lower frequency bands through physics-based simulation and extensive measurements in various non-line-of-sight (NLOS) indoor and outdoor scenarios [7] , [8] . These studies show that the reliability of wireless links is significantly better in the low-VHF band compared to higher frequencies such as microwave, owing to much less signal attenuation, multipathinduced interference, and delay spread. Despite these advantages, applications in this band are limited by large antenna sizes or high power operation due to the poor efficiency of existing small antennas.
An initial design of a low-power low-VHF radio along with experimental investigation of signal coverage in a NLOS indoor-to-outdoor channel was presented [9] . In this paper, we present a rigorous analysis of a low-VHF radio system and extended data collections for comparative wireless communication studies with low-VHF and microwave radios in a number of complex propagation scenes. We design and integrate a compact, low-power, communications system on a small ground robotic platform to enable mobile networking experimentation in the low-VHF band. We first introduce an efficient miniature low-VHF antenna (0.04λ 0 in height) that provides the required bandwidth and has an omnidirectional radiation pattern appropriate for near-ground mobile networking [10] . This passive antenna achieves near-optimal efficiency for its electrical size [11] , which enables very low power operation. Because this highly miniaturized antenna is inherently susceptible to scattering effects from electrically large nearby objects, the performance when integrated on the robotic platform is studied in the presence of various scatterers. Second, we consider the ZigBee standard that defines a suite of communication protocols intended for lowdata-rate, short-range wireless networking [12] . We design a bi-directional frequency converter by paying careful attention to performance parameters including conversion gain, sensitivity, and power consumption. The frequency converter is used to translate signals occupying a ZigBee frequency band to the low-VHF band and vice versa. For comparison, we use an Ultra High Frequency (UHF) ZigBee system at its native frequency as well as translated to the lower VHF. These are integrated on a mobile robotic system and tested in realistic indoor and outdoor environments, focusing on coverage signal strength and packet error rate as a function of range.
The paper is organized as follows. In Section II, we describe the miniaturized low-VHF antenna and the design of the frequency conversion system as key system components enabling the proposed networking concept. Section III illustrates the radio system integration with a small mobile platform for unmanned vehicle-aided communications and geolocation applications [13] . The impact of a dynamic environment on the antenna performance in the vehicular system is also examined. Performance characterization of the radio system along with a comparison test utilizing a 2.4 GHz ZigBee radio, carried out in complex propagation scenarios, are discussed in Section IV.
II. KEY SYSTEM COMPONENTS A. MINIATURIZED LOW VHF ANTENNAS
As alluded to earlier, the large size of conventional antennas in the low-VHF band imposes a practical limitation on the development of compact mobile systems for wireless communications. Electrically small low-VHF antennas have been designed to overcome this [14] - [17] . However, these designs still have relatively large dimensions and mass such that they are not appropriate for integration onto small mobile platforms. Recently, we proposed a very small-form-factor, lightweight antenna operating in this band. The antenna miniaturization is realized by applying a 180-degree phase shifter that is composed of series inductors and an open stub [10] , [18] . By connecting two main radiating elements to each end of the phase shifter, in-phase vertically polarized fields can be produced from the elements at resonant frequency. This results in an increase in the effective height of the antenna, and consequently, enhances the gain without physically increasing the height. In an effort to further increase antenna efficiency and reduce mass, optimized rectangular air-core coils with high quality factors, and capacitive loadings without dielectric materials to form the open stub, are used in the antenna design. In order to facilitate experiments in highly cluttered environments, we further modify the antenna to enhance its bandwidth. The improved bandwidth enables the system to work even if there is slight resonant frequency shift due to coupling with nearby scatterers, which is an important practical consideration because the wavelength is several meters. Figure 1 depicts side and top views of the final antenna design with its equivalent circuit model superimposed over the side view. The lateral dimension and height are 10 cm (0.013λ 0 ) and 30 cm (0.04λ 0 ), respectively. Additional metallic plates consisting of polyethylene sheets with a dielectric constant ε r = 2.5 are inserted between the top and bottom plates to support capacitive plates in the antenna enabling in-phase radiation from the poles at resonance. Despite its small size, impedance matching of the antenna can easily be achieved without using an additional matching network simply by controlling the distance between the vertical posts of the dipole. Figure 2 shows the measured input reflection coefficient of the antenna using a calibrated vector network analyzer, together with simulation using a full-wave solver. The antenna has a fractional bandwidth of 0.57 % for a voltage standing wave ratio of 2:1. The antenna produces an omnidirectional radiation pattern with a peak gain of −10 dBi, as shown in Figure 3 . The design incorporates adjustable telescoping metal poles to fine-tune the resonance frequency. 
B. BI-DIRECTIONAL FREQUENCY CONVERSION CIRCUIT
In this section we detail the bi-directional frequency conversion circuit that enables simultaneous transmission and reception of signals produced by the ZigBee without loss of fidelity. The appropriate ZigBee module must be selected taking into account low-VHF antenna specifications. We utilize the XBee-PRO 868 operating at UHF, whose instantaneous bandwidth is within that of our low-VHF antenna. As described in the datasheet [19] , this module has a receiver sensitivity of −112 dBm, data rate of 24 Kbps, and a transmit power ranging from 1 mW to 315 mW depending on the power setting. In Figure 4 , the power spectrum of the ZigBee signal is plotted and this is utilized for analysis of the frequency conversion system.
When designing the frequency converter architecture, we contemplate system complexity, power consumption, and cost. Figure 5 shows a simplified schematic of our design. It comprises a duplexer, a customized band pass filter, a voltage-controlled crystal oscillator (VCXO), a low-power low-noise amplifier, and a double-balanced passive mixer with high port-to-port isolation (>50 dB). As a duplexer, we consider a power splitter/combiner offering a very high isolation to limit the gain that can be introduced by the amplifiers. A power splitter/combiner with isolation of better than 40 dB is selected to reduce the transmission leakage through the duplexer which degrades the signal to noise ratio (SNR). In addition, an ultra-low phase noise VCXO with a center frequency of 830 MHz is chosen to produce two symmetrical output signals that are 180 degrees out of phase with each other [20] . This allows the use of a common local oscillator (LO) to avoid carrier frequency offset and this eliminates the need for a power splitter for a single LO driving both the up and down conversion mixers.
Next, we report on a circuit analysis of the frequency converter to assure seamless transition of the carrier frequencies. System sensitivity, defined as the minimum detectable signal (MDS) level to achieve a certain bit error rate, is a critical radio receiver parameter because a higher sensitivity correlates with longer transmission range. As described in [21] , the MDS level at the input of the receiving system can be calculated for a given minimum SNR at the output and the system noise characteristics using
where k is Boltzmann's constant, B is the bandwidth of the receiving system, NF is the receiver noise figure, T A is the antenna noise temperature, and T 0 is 290 degrees Kelvin. It is also important to track power levels through the RF stages of the receiving system to avoid harmonic and 24122 VOLUME 5, 2017 intermodulation distortion. The linear dynamic range, which is the difference between the maximum allowable and minimum detectable signal power that can be processed, is quantified based on a single-tone analysis. The overall performance of the frequency converter was evaluated via a circuit simulation tool [22] with values of each component measured and provided by the manufacturer. The system sensitivity (−98 dBm) is obtained by assuming T A is equal to T 0 and that the antenna is matched to the system. Although the sensitivity is decreased by 14 dB with the addition of the frequency converter, this is compensated by the significantly lower path loss at low-VHF. Furthermore, with fixed 1 mW transmit output power, the system meets the isolation requirement for full-duplex operation [23] . This is essential to prevent intermodulation distortion in the receiver, generated by transmit leakage and the noise leakage from the transmitting system, from hampering detection of weak received signals. Insertion gain for both transmission and reception is maintained at 7 dB within the linear dynamic range (75 dB).
The signal power spectrum of the frequency conversion system, when the modulated signal from the ZigBee source is input, is illustrated in Figure 6 . This spectrum analysis ensures seamless operation of the ZigBee module at low-VHF without nonlinear problems from the frequency converter, and also indicates the antenna bandwidth required. Based on the simulation modeling and analysis, the frequency converter was fabricated and integrated with the ZigBee and the antenna. Details of the complete radio system are discussed in the following section. 
III. SYSTEM INTEGRATION ON ROBOTIC PLATFORM
The antenna and frequency translation circuit were used to seamlessly operate a ZigBee radio in the lower VHF. In order to achieve compact size, a circuit layout of the RF converter is optimally designed and fabricated on a Rogers RO4003C substrate, with 0.812 mm thickness and size of 45 mm × 35 mm. The XBee-PRO 868 module is integrated with the circuit via a tailored semi-rigid coaxial cable and is positioned underneath the circuit. In order to minimize the effect of RF interference caused by signal leakage from the ZigBee module itself, as well as other external noise sources, the assembled radio is enclosed in an RF shield box. Figure 7(a) illustrates the fabricated low-VHF radio having overall dimensions of 64 mm × 58 mm × 35 mm and weight of about 270 grams. DC power for the radio operation is supplied by a high capacity battery via panel mount connectors. With its small size, weight, and power consumption, the experimental radio system can be integrated into small unmanned aerial/ground vehicles for low-power autonomous networking.
Since the experimental radio with the miniaturized antenna is to be integrated onto a small mobile platform (see Figure 7(b) ), the subsequent electromagnetic coupling effect on the antenna performance must be examined. It should also be noted that ground losses increase as the height of the antenna decreases. To minimize the overall profile of the mobile system as well as the coupling effect, the optimal antenna height should be determined. This is done by measuring the reflection coefficient of the antenna as a function of height h above the platform. The smallest height (measured from the top of the platform to the phase center of the antenna) where the performance of the antenna is not affected by the mobile platform is found to be 46 cm (0.06λ 0 ).
As stated earlier, the proximity effect of nearby materials and structures may bring about a shift in resonant frequency, which in turn might result in significant degradation of the wireless communication quality due to the frequency misalignment of the signal spectrum and antenna response. To examine this effect, the input impedance of the antenna as a function of frequency was measured on the mobile robotic system in a complex indoor environment consisting of metallic partitions, walls, and doors. The mobile system was positioned close to large metallic walls and moved along the marked points in a narrow corridor (see Figure 8 ). As shown in Figure 9 , we observed at most 0.24% shift in the center frequency in this environment. This is representative of other indoor and outdoor environments tested, indicating that only small shifts are likely in cases of interest.
IV. PERFORMANCE CHARACTERIZATION A. MEASUREMENT SETUP AND SCENARIOS
We conducted comparison tests using the unmodified off-theshelf ZigBee radio (XBP24) operating in its native 2.4 GHz VOLUME 5, 2017 band where wireless vehicular communications are often established. Unlike the low-VHF band, microwave propagation characteristics are well understood, e.g., see [24] - [27] . Principal specifications of the translated and conventional ZigBee are listed in Table 1 . The performance of each case for point-to-point near-ground communication is fully characterized in two different scenarios: 1) complex outdoor channel and 2) multi-floor indoor-to-outdoor channel. In Scenario 1 at the University of Michigan (see Figure 10) , the measurement site is surrounded by large tall university buildings that are composed of bricks and a steel frame structure with metallic reinforcement, and the propagation channel is blocked by multiple trees and obstructions (e.g., tall clock tower, metallic sculptures, lampposts, and a large number of vehicles in the university parking lot). A stationary node is located near the entrance of the electrical engineering building and a mobile node is moved away from a stationary node to map communication coverage in the area. This scenario includes near-line of sight (LOS) as well as non-line of sight (NLOS) to investigate the performance in the presence of different near-ground wave propagation effects.
In Scenario 2 (see Figure 11 ), a stationary node is located on the second floor of a three-story building composed of various research equipment (radar measurement system, large overhead crane, beacon positioning system on the large metal frame structure, etc.). This building is surrounded by dense vegetation and wire mesh fence as well as a few other nearby buildings. A mobile node is maneuvered from the inside to the outside of the building. With this scenario, the impact of different antenna positions, which may result in considerably different wave propagation behavior, can be observed. The radio at the stationary node is connected to a laptop through a USB port for control. The radio at the mobile node is powered by a portable battery with a DC-DC converter (12 V to 3.3 V) and integrated onto the mobile platform as shown in Figure 7 (b). Antenna parameters for the frequency translated low-VHF radio and the native 2.4 GHz ZigBee were determined for a reasonable comparison of communication coverage, and are listed in Table 2 . Based on the parameter values, the transmit power (which is internally fixed in the ZigBee modules) and system gain for the 2.4 GHz ZigBee were adjusted using an external attenuator. In this way, channel path loss PL(f ) can be fairly compared against each other, where path loss is defined as [7] (2) where P t (f ) and P r (f ) are the power transmitted and received, G t (f ) and G r (f ) are the gains of transmitting and receiving antennas, and G sys (f ) is the sum of all other system gains and losses. In Scenario 1, the antenna heights in terms of wavelength were kept the same. This ensures that the nearground propagation effects including Norton surface waves are similar at the two frequency bands [29] , [30] . In Scenario 2, the same physical antenna heights were considered. This is more relevant if the antenna height is constrained due to the mobile platform design.
B. MEASUREMENT RESULTS AND DISCUSSION
Point-to-point wireless communication coverages are mapped by monitoring successful data packet transmissions and RSSI values using X-CTU radio testing software [31] . This captures both the RSSI for each packet and the packet error rate (PER). For Scenario 1, Figure 10 shows the measured wireless coverage map of the low-VHF radio, along with that of the 2.4 GHz ZigBee module. The shaded regions indicate where the PER is below 10 % for low-VHF experiments as well as the boundary within which the communication links are maintained for the 2.4 GHz ZigBee (this includes all the areas where PER is less than 100 %). Note that we use two different definitions of coverage to highlight the distinct difference in wireless link reliability between the two radios.
Longer-range tests were not possible in this scenario due to physical access constraints. The low-VHF radio shows much longer communication range (>280 m) and wider coverage than the XBP24 module. In addition, the 2.4 GHz ZigBee module experienced frequent data packet losses and high RSSI fluctuation within the entire coverage map.
Similar results are found in Scenario 2, as shown in Figure 11 . Low-VHF operation establishes a longerdistance communication link with high reliability, whereas the network link from the stationary node of the conventional ZigBee module fails immediately after the mobile node leaves the building. To better understand these phenomena, the received signal strength as a function of range for the two radio systems were characterized in both test scenarios. Figure 12(a) is an example of the measured average RSSI versus distance (the mobile node with the miniature low-VHF antenna traversed along the dashed yellow line shown in Figure 11 ), compared with a free space loss (FSL) model. Also, as a basis for performance analysis, a classic empirical model [32] for path-loss estimation as a function of distance d is plotted, given by
where d 0 is an arbitrary reference distance, PL 0 is the path loss at d 0 , and γ is a path-loss exponent. The results indicate that path loss difference between bands is on average more than 30 dB in this environment (we computed γ = 3.1 at 40 MHz, and 3.9 at 2.4 GHz). In addition, we find significantly lower channel complexity at low-VHF in terms of signal distortion, which simplifies radio design and processing. Figure 12 (b) depicts average PER measured with the two different radios as a function of distance. Both the RSSI and PER are collected at 24 locations for the low-VHF radio with a spatial step size of 0.33λ 0 , and 61 locations for the 2.4 GHz ZigBee with a spatial step size of 0.5λ 0 . Averages were obtained by stopping the mobile node at each sample point, and transmitting 50 packets. A separate experiment, not shown, revealed that 50 samples were sufficient to achieve reliable PER estimates with small standard deviation (a few percent). In order to observe distinct fading effects in this propagation channel, an additional measurement for the 2.4 GHz ZigBee was also performed with higher transmit power (18 dB higher than the level corresponding to the initial setup for the comparison test).
Comparing the two systems, the size of most scatterers in the propagation channel are only a small fraction of the wavelength at low VHF, and thus signal penetration is significantly better compared to microwave. In Scenario 2, the channel path loss is also influenced by the height and location of the antennas, where here the difference between the stationary and mobile nodes is 3.5 meters. As stated before, the physical antenna heights above the ground level for both radios are set to be the same by mounting the radios on identical mobile platforms. Hence, the 2.4 GHz ZigBee module has an advantageous operating condition to reduce the effect of ground reflections that would diminish the radiation performance. Furthermore, signal fluctuations are much more significant at 2.4 GHz due to multi-path effects caused by reflection, scattering, and diffraction from the large number of scatterers in the environment. As expected, the induced small-scale fading created by multi-path propagation at 2.4 GHz results in significant RSSI fluctuation and corresponding dropped packets. In contrast, fading effects are minimal at 40 MHz, resulting in a much more consistent and stable performance.
V. CONCLUSION
We have demonstrated seamless compact, low-power (5 mW), low-VHF communications utilizing a bi-directional frequency converter and an off-the-shelf ZigBee module. The frequency conversion system was carefully designed for minimal power usage and maximal insertion gain and system sensitivity. A small-form-factor low-VHF antenna was also developed and tested. Because this antenna has a much higher efficiency compared to similar-sized antennas, low-power operation at longer range is possible. Extensive measurements for performance evaluation along with comparison tests using a native 2.4 GHz ZigBee module were conducted in various complex indoor/outdoor scenarios to quantify the advantages offered at low-VHF in terms of PER, RSS, coverage, and fading statistics. The measurement results demonstrate that compact, low-power, low-VHF operation can provide highly reliable and persistent point-topoint communications in dynamic environments, far superior to microwave operation. Building from these point-to-point tests, multi-node ZigBee networking at low-VHF is under study, applied to networking of autonomous vehicles carrying out collaborative tasks such as autonomous exploration and mapping. He is currently a Post-Doctoral Fellow with the U.S. Army Research Laboratory, Adelphi, MD, USA. His research interests include antenna miniaturization, antenna measurement techniques, wave propagation modeling in highly cluttered scenarios, and low-power HF/VHF radio system design. He is currently an Electronics Engineer with the U.S. Army Research Laboratory, Adelphi, MD, USA. His research interests include physics-based channel modeling and measurements, geolocation in GPS-denied environments, low-frequency networking, and hybrid multiwavelength systems for autonomous networking. 
